Abstract--The crystal chemistry of Fe-Si scales deposited from geothermal brines at Salton Sea, California, was studied by powder X-ray diffraction and spectroscopic techniques including infrared, 5VFe M6ssbauer, 27A1 and 29Si nuclear magnetic resonance (NMR), and Fe and Si K-edge extended X-ray absorption fine structure (EXAFS). Scales precipitated at near 250~ from dissolved ferrous iron and silicic acid are composed of hisingerite. This phase is shown to possess the same local structure as nontronite and is a poorly-crystallized precursor of the ferric smectite. A clear distinction can be made at the local scale between hisingerite and 2-line ferrihydrite because, even in their most disordered states, the former possesses a two-dimensional and the latter a three-dimensional anionic framework. At temperature near 100*C Fe-Si scales are a mix of Al-containing opal and hydrous ferrous silicate, whose local structure resembles minnesotaite and greenalite. This hydrous ferrous silicate is very well ordered at the local scale with an average Fe coordination about Fe atoms of 6 +_ 1. The difference in crystallinity between the ferrous and ferric silicate scales was related to variations of growth rates of clay particles precipitated from ferrous and ferric salt solutions. The low crystallinity of the ferric smectite suggests that the oxidation of ferrous iron occurs before polymerization with silica.
INTRODUCTION
Over the past decade, considerable effort has been made to generate electricity from steam produced at the Salton Sea geothermal field located in the imperial Valley, southeastern California, USA (Hoyer et al 1991) . The flashing of steam from hyper-saline brines produces iron-rich siliceous scale deposits that rapidly foul piping and other brine-handling equipment. These scales are brown-black, hard, and vitreous material. Until methods (acidification or crystallization-reaction clarification) were developed to inhibit the formation of these unusual scales, continuous operation of production facilities was drastically hindered. Characterization of the poorly-crystalline, iron-rich silica scale deposits was required to understand the deposition mechanism and to develop techniques to avoid their deposition (Gallup 1989, Gallup and Reiff 1991) . These initial studies, using spectroscopic techniques suggested that iron in the scales deposited at high temperature was primarily present in the ferric oxidation state and that the iron silicate phase resembled hisingerite. The present study seeks to determine the chemical environment of iron and silicon in these deposits, with emphasis on determining the possible polyhedral linkages between Fe(O,OH)6 octahedra and SiO4 tetrahedra. We use several complementary methods, includCopyright 9 1995, The Clay Minerals Society ing powder X-ray diffraction, M6ssbauer and infrared spectroscopy, 27A1-and 29Si-nuclear magnetic resonance (NMR), and Fe and Si K-edge extended X-ray absorption fine structure spectroscopy (EXAFS).
EXPERIMENTAL

Samples
A series of scale samples precipitated at temperatures ranging from 100-250~ were collected. Three samples were selected for study here because they are pure endmembers and not mixtures. S-1, occurring at a brine temperature of near 250~ consists of a black scale with a vitreous luster and conchoidal fracture. This sample crystallizes initially around the production wellheads and is observed also several hundred feet down production well casings. S-2 was collected from an injection pump used in a pH modification process which reduces brine pH from 5.5 to 5.0 to inhibit the precipitation of iron (although some residual silica continues to deposit, Hoyer et al 199 l) . The sample is grey in color and precipitated near 180~ S-3 is an olivegrey filter cake sludge produced in reactor clarifiers. It formed at 100 -10~ Details on the geothermal brine handling equipment, these samples were collected from, can be found in Hoyer et al (1991) and Gallup and Featherstone (1994) .
Si Si
Methods
A Philips 1740 diffractometer with a diffracted-beam graphite monochromator was employed for powder XRD. CuKo~ radiation was used with counting time of 40s per 0.04~ step. Infrared spectroscopy was performed on a FTIR Nicolet 5DX spectrometer. 57Fe M6ssbauer spectra were recorded at 300 K with a 5vCo/ Rh source and native iron was used for velocity calibration. EXAFS measurements were made at the LURE synchrotron radiation laboratory (Orsay, France). Fe K-spectra were collected on the EXAFS IV station at the DCI storage ring and Si K-spectra on the SA32 station at the Super ACO storage ring. EXAFS data were reduced using the plane-wave approximation and a standard procedure (Teo 1986 ). Interatomic distances were calculated using theoretical (McKale et al 1988) and experimental phase shift (~) and amplitude functions (F). "rFeOOH was used as a reference compound for analyzing Fe-Fe atomic pairs. ~Fe-Fe and FFo_vo were determined considering the following structural parameters for 7FeOOH: d(Fe-Fe) = 3.06 A, a number of 6 nearest Fe neighbors (NF~), and a Debye Waller term (g) of 0.08 ,~ (Pies et al 1970) . 27A1 and 29Si NMR spectra were recorded using in-house Fourier-transform NMR spectrometers based on 11.7T and 8.45T superconducting solenoids and automated with Nicolet 1280 computer system. The 27A1 NMR spectra were collected at Ho = 11.7T (130.3 MHz 27A1 Larmor frequency) under magic angle-spinning (MAS) conditions at spinning frequencies of 11 kHz. At this spinning rate, the spinning sidebands do not overlap true peaks and their positions are outside the range of isotropic 27A1 chemical shifts in aluminosilicates. The 27A1 chemical-shifts values at the maximum intensity, 6p, are expressed relative to an external standard of 1 M AI(H20)CI3 in H20. The 29Si NMR spectra were collected at Ho = 8.45T (71.514 MHz 29Si martnor frequency) at a spinning frequency of 3.2 kHz. The 29Si chemical-shifts values at the maximum intensity, bp, are reported relative to external tetramethylsilane. In all spectra presented here, more negative shifts (towards the right) correspond to increased shielding and lower frequency.
RESULTS
Chemical analyses
Chemical bulk compositions are reported in Table  1 . These analyses correspond well to previously published analyses (Gallup and Reiff 1991) . S-1 contains Vol. 43, No. 3, 1995 Crystal chemistry of hydrous iron silicates 305
Fe Fe Mg predominantly Si and Fe with a Fe/Si mole ratio of 0.7. S-2 is highly depleted in iron (Fe/Si = 0.01) due to brine acidification, but is enriched in A1. S-3 has an intermediate composition with Fe/Si = 0.08. These samples were analyzed also by electron microprobe and major element concentrations are reported in the triangular diagram of Figure 1 . At the resolution of the microprobe (~ 10 #m3), S-I and S-3 are homogeneous in composition but not S-2 where Fe2Oa and A1203 content and Fe/Si ratio vary between 0-7%, 3-13% and 0.0-0.08, respectively. A typical analysis of Salton Sea brines was given by Gallup (1993) .
XRD
XRD patterns of the various scale samples are given in Figure 2 . The XRD trace of S-1 closely resembles those of natural hisingerite (Kohyama and Sudo 1975 , Eggleton 1988 , Shayan 1984 and synthetic ferric smecrite (Decarreau et al 1987 , Mizutani et al 1991 , Farmer et al 1994 . A broad 001 basal reflection occurs at near 5 ~ 20 (~ 17.7 •) and two-dimensional hk diffraction bands occur near 19.4 ~ 20 (4.56 A), 35.6 ~ 20 (2.61 A), 53 ~ 20 (1.7 ~) and 60.3 ~ 20 (1.53 ~). These features are characteristic of 02-11, 13-20, 15-24-31 and 06-33 diffraction bands of a turbostratic layer silicate (Brindley and Brown 1980, Decarreau et al 1987) . The b axis based on d (06-33) is 9.20 ~, which corresponds to hisingerite (Whelan and Goldich 1961) and nontronite (Eggleton 1977) . This XRD pattern also displays a broad diffuse band near 25-27 ~ 20 (3.6-3.3 ~k), which was tentatively attributed to adsorbed water by Decarreau et al (1987) , but which probably is the 004 reflection of a ferric smectite (e.g., see Mizutani et al 1991) . The presence of amorphous silica is unlikely because it has a scattering band at 22-23 ~ 20 (3.9--4.2 ~). Likewise, this scattering feature cannot be assigned to Si-rich ferrihydrite component, which has a broad scattering band near 2.7-2.9 /~ (Vempati and Loeppert 1985 , 1989 , Childs et al 1990 . The XRD trace for S-2 has an intense scattering band centered at 22-23 ~ 20, which is characteristic of A-opal. S-3 also has a broad scattering band centered at 22-23 ~ 20, but in addition to S-2, two broad features at 32.9 ~ 20 (2.7 ]k) and 58.8 ~ 20 (1.57 A) are observed also. Quartz is present at trace level.
M~Sssbauer spectroscopy
M6ssbauer spectra for each sample was recorded at room temperature (Figure 3 ). Values of isomer shift (6/Fe), quadrupole splitting (AEQ), and line width (W) are presented in Table 2 . They were determined by least-square curve fitting, assuming that the iron components exhibit one or two Lorentzian peaks.
As a first step, the M6ssbauer spectra were fitted by using two Lorentzian doublets with M6ssbauer parameters characteric of octahedral Fe(III) and Fe(II) (Coey 1984 (Coey , 1988 (Table 2 ). S-1 yields an intense Fe(III) doublet (95%), characterized by an isomer shift of 0. M6ssbauer spectra for scale samples. In a second fitting procedure, a two-doublet fit model was used to simulate octahedral Fe(III) and octahedral Fe(II) sites in S-1 and S-3 (Figures 3a and 3c ). Note that two-doublet fits are classically used for fitting spectra of Fe-Si oxides and silicates, as with smectite (Rozenson and Heller-Kallai 1977, Bonnin et a11985, Decarreau et al 1987) and hisingerite (Eggleton et al 1983) . The necessity of a second doublet for Fe sites is required by the existence of distorted, non-equivalent cristallographic sites. These two-doublet fits require elementary doublets which differ by their quadrupole splittings. For example, the decomposition of the single Fe(III) doublet in S-I (AEQ --0.85 mm-s -1, Table 2 ) leads to two doublets whose &EQ are equal to 0.66 mms -1 and 1.14 mm-s -1. These values are close to those (Goodman et a! 1976, Bonnin et a11985, Cardile and Johnston 1985) . In S-3, two doublets were used also to simulate the octahedral Fe(II). The values of the isomer shift for each doublet are 1.11-1.12 mm.s -~ and the two values of the quadrupole splitting are 2.73 +_ 0.01 mm.s t and 2.37 + 0.01 mm.s-L M6ssbauer analysis shows that the samples can be distinguished by their variation in Fe(II) and Fe(III) contents: iron is trivalent in the Fe-rich scale precipitated at high temperature (S-1), divalent and trivalent in the Si-rich scale precipitated at intermediate temperature (S-2) and divalent in the Si-rich scale precipitated at low temperature (S-3). These results are in agreement with those reported by Gallup (1989) which indicated that scales are more ferrous as their deposition temperature decreases (S-1: 252~ S-2:182~ S-3:100~
Infrared spectroscopy
IR spectra for the samples are presented in Figure  4 , along with nontronite. The spectrum for S-1 is similar to those published for natural hisingerites (MacKenzie and Berezowski 1980 , Kohyama and Sudo 1975 , Shayan 1984 , and resembles that for nontronite, which confirms our XRD interpretation regarding the mineralogical nature of the Fe-rich scale precipitated at high temperature. The strong band at 1010-1030 cm -1 observed in S-1 deserves special attention because its position has been explained previously by the existence Si-O-Fe bonds in Fe-Si hydrous oxides and silicates (Schwertmann and Thalmann 1976 , Carlson and Schwertmann 1981 , Vempati and Loeppert 1989 , Gallup and Reiff 1991 . The hisingerite spectrum differs from nontronite by the absence of libration OH bands near 800 cm-1 or their very weak absorbance when present (Kohyama and Sudo 1975) . In natural nontronite, up to three of these bands can be observed at 785 cm -~, 817 cm -~, and 846 cm -~, which were attributed to FeMgOH, FeFeOH, and A1FeOH groups, respectively (Goodman et al 1976) .
Spectra for Si-rich scales resemble that of opal (Webb and Finlayson 1987) displaying an antisymmetric Si-O-Si stretching band at 1095-1106 cm -~ and a symmetric Si-O-Si band at 780-792 cm-~ (Moenke 1974) . The antisymmetric band of S-2 lies at 1095 cm-t. In tectosilicates, this band shifts to lower wavenumbers with increasing lattice substitution of tetrahedral AI (Milkey 1960, Webb and Finlayson 1987) . In opals, this peak varies from 1100 cm -~ (no Al) to 1090 cm -~ (Al-opal). Thus the value found for S-2 suggests the presence of 4-fold coordinated Al in the opal framework. This evidence is consistent with the microprobe analysis, which showed that the AI203 content may be as high as 13%, and results obtained by 27A1 NMR.
2ZAl-and 29Si-NMR spectroscopy
Si-rich S-2 was studied by 27A1 and 29Si NMR spectroscopy. The 27A1 NMR spectrum yields a single res-
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onance with an apparent maximum at ~ ppm = 53.7 ppm (Figure 5a ). This value is characteristic of tetrahedrally coordinated A1 (Miiller et al 1981) . The resonance near -30 ppm ("ssb," Figure 5a ) is a spinning side band. The 295i NMR spectrum of S-2 exhibits a large peak centered around -110 ppm with a full width at half maximum (FWHM) of 17.6 ppm (Figure 5b ). This chemical shift corresponds to Si atoms coordinated to four oxygens in a three dimensional array of corner-sharing tetrahedra (Lippmaa et al 1980 , De Jong et al 1987 . The assymmetry towards less negative values indicates that the chemical environment about the Si tetrahedra is not unique. This spectrum was decomposed into three Gaussian components at -111.84, -104.75 and -98.85 ppm. These values correspond well to those expected for Si tetrahedra bridged to 4Si, 3Si + 1Al, and 2Si + 2A1, respectively (Lippmaa et al 1980) . The broadness of NMR peaks in opal arises from the spread of Si-O-Si angles (De Jong et al 1987) .
EXAFS spectroscopy
Fe K-EXAFS. EXAFS spectra for S-1 and S-3 bear no resemblance, which indicates that Fe atoms are in a different structural environment in these two samples closely match those ofnontronite. The most prominent difference between S-1 and nontronite spectra is the amplitude lowering of the former, which is an indication of structural disorder. Radial distribution functions (RDF) are given in Figure 7 . Fe-containing scale (S-1, S-3) possess two peaks, the shorter corresponds to the ligand coordination sphere, and the second at larger distance, to Fe-Me (Me = Fe and/or Si) pairings . The existence of a relatively intense metal shell peak in S-1 and S-3 is emphasized and points to the presence of a more or less organized second shell and, thus, to a local order extending beyond the first coordination shell. This result implies that Fecontaining scale samples are not as amorphous as the silica sample (S-2, see below). The two RDF peaks of S-1 are, however, markedly lower than those of nontronite, which is consistent with the reduction of amplitude observed in EXAFS spectra. This difference of amplitude affecting both the first and second coordination sphere of the Fe atoms, indicates that hisingerite is more poorly organized than nontronite. Note that the first and second RDF peaks of S-3 are shifted to larger distance indicating an increase of bond lengths. This result is consistent with the presence of divalent iron, as determined by Mrssbauer spectroscopy, since the radius of Fe 2 § is greater than Fe 3 § The contribution of the first and second coordination shells were isolated and Fourier backtransformed to k space to determine structural parameters. The leastsquares fitting analysis of the first coordination shells resulted in 6 (O, OH) at 2.00 + 0.02 A (a = 0.12 ,~) for S-1 and 6 ___ 1 (O, OH) at 2.13 ~, + 0.02 ~ (a = 0.09 A) for S-2. These distances are consistent with Fe 3 § and Fe 2 § occupancy in S-1 and S-3, respectively. However the precision of EXAFS spectroscopy on interatomic distances (~0.02 /~) and the variation in Fe 2 § and Fe 3 § radii are insufficient to determine accurately Fe3+/Fe 2+ ratios. Thus, Fe3+/Fe 2 § ratios are provided by Mrssbauer spectroscopy.
Fe-Me contributions to EXAFS for S-1 and nontronite are compared in Figure 8 . Note the perfect phase correspondence of electronic waves over the wavevector (k) span, differing only by amplitude. This important result indicates that the coordination sphere about Fe is identical in these two solids since the phase of electronic waves depends only on the type of atomic neighbors and the interatomic distances. In phyllosilicate structures, the metal shell contribution is a weighted sum of two elementary contributions originating from atoms located in the octahedral (Fe shell) and tetrahedral (Si shell) sheet (Manceau et al 1988 , 1990 ). Thus, the electronic wave associated with the Si shell is partly masked by the greater contribution of the octahedral sheet, so that powder EXAFS spectroscopy cannot be used to determine Si neighbors in an unknown structure. For example, the metal shell contribution of nontronite was fitted by (Figures 8b and 8c) . Observation of Figures 8b and 8c clearly demonstrates that the addition of the Si shell is unnecessary to obtain a good spectral fit. In addition, the two-shell fit is physically meaningless because of the greater number of fitting parameters. Ignoring the Si shell leads to an overestimate of the number of cations in the octahedral sheet by up to 100%, since in dioctahedral clays, octahedral cations have only three nearest octahedral neighbors. Knowing the di-or trioctahedral character of a clay mineral is a prerequisite for correctly analyzing its EXAFS spectrum .
However, note that adding or omitting the Si shell does not affect the Fe-Fe distance derived from the spectral fitting. Accordingly, the Fe-Fe distance derived from the analysis of the hisingerite spectrum is probably accurate regardless of whether Fe atoms are surrounded by Si atoms. The partial EXAFS contribution of hisingerite was successfully fitted by assuming a single Fe shell of 3.0 + 0.5 Fe at 3.08 A + 0.02 /~ (a = 0.11 ~, Figure 8d ). This Fe-Fe distance is consistent with the b dimension calculated from the XRD pattern (b = 9.20 ,~) and compares favorably to that obtained for nontronite (3.07 A). NEe = 3.0 _+_+ 0.5 is a maximum value as assuming the existence of Si neighbors in the spectral fitting of the hisingerite spectrum would lower the number of nearest Fe atoms. This relatively low number of metal atoms around Fe atoms detected by EXAFS in hisingerite is consistent with the decrease of the signal in both k (EXAFS spectra) and R spaces (RDF) compared to nontronite.
The Fe 2 § EXAFS contribution of S-2 could also be fitted assuming either one or two metal shells. The former resulted in 6 _+ 1Fe at 3.21 _+ 0.02 ~ (a = 0. l 0 ~) and the latter in 6 _+ IFeat 3.21 _+ 0.02 ~(tr = 0.10/~) + 4 + 1Si at 3.30 A + 0.03/~ (a = 0.09 A) (Figures 9a and 9b) . In contrast to nontronite, adding a Si shell did not change parameters of the Fe shell. This result is explained by the interference of elementary waves. Figure 9c shows that the wave phase associated with the Si shell is shifted by about 7r/4 in the low k range, whereas it superimposes on the Fe shell in the high k range. Thus, adding the Si shell to the theoretical wave causes only a slight shift of its phase, which was readily compensated in the fitting procedure by changing the energy of the threshold origin (AE, Teo 1986) by 3 eV. Determining the mineralogical nature of this ferrous-bearing phase is not straightforward and is discussed below.
Si K-EXAFS. Si K-EXAFS spectra and RDF for all samples and nontronite are presented in Figures 6c and  6d and Figures 7c and 7d . Spectra and RDF for S-1 and nontronite have very similar lineshapes, which indicates close similarities of local structures near the Si atoms. Fourier filtered Si-(Si, Fe) contributions for S-1 and nontronite are in phase over nearly the entire k span 3.5 < k -< 9/~-l (Figure 10a ). This indicates that both materials have similar Si-Fe and Si-Si dislances. In contrast to Fe K-edge cation contributions to EXAFS (previous section), the presence of two cation shells at distinct distances is now firmly ascertained at the Si K-edge due to the dip in the amplitude at 7 A -~ for nontronite and 8.5 A-~ for S-1. Least-squares fitting resulted in 3.0 + 0.6Si at 3.03 + 0.02 A and 1.5 + 0.5 Fe at 3.26 + 0.02 ik (Figure 10b) , which is consistent with a phyllosilicate structure (Figure 11) . EXAFS spectra and RDF for S-2 and S-3 are similar, but do not resemble that of nontronite (Figure 6d ). Note that Si-rich scales exhibit a single and relatively weak RDF peak attributed to Si-(O, OH) atomic pairs whereas quartz yields two marked peaks (Figure 7d ). In quartz, the former at about 1.1 ,~ (distance not corrected for phase shift) is intense and corresponds to the oxygen coordination about Si atoms. The second peak near 2.2 A originates from the four Si nearest neighbors across comer-sharing tetrahedra. The intensity reduction of the first RDF peak and the lack of a Si-Si peak in Si-rich scales, relative to quartz, indicate a wider range of interatomic distances and a large spread of interpolyhedra bond angles. In quartz, Si-O-Si bond angles are identical ( 144 ~ and the four nearest Si atoms occur at 3.057 A. But in amorphous silica, Si-O-Si bond angles show variation in angles from 120 ~ to 180 ~ with a median at 144 ~ (Mozzi and Warre 1969) . This variation of angles results in a distribution of Si-Si distances. Electronic waves backscattered by each of Si neighbors are not exactly in phase, and the amplitude of the resulting wave and the corresponding RDF peak are smeared out. The origin of the structural disorder observed in the first coordination shell ofSi (Si-O peak) in opal is not clearly understood. Tetrahedra are more rigid than octahedra and many refinements of silicate structures show Si-O distances are within 1.61-1.64 (Liebau 1985) . Consequently, the observed disorder in A-opal may be related to hydroxyl groups substituted for oxygen in Si tetrahedra. If this substitution exists, Si tetrahedra will be distorted and variations in Si-O bonds would be expected.
DISCUSSION
Structure of hisingerite
The hydrous ferric silicate occurring in high temperature scale deposits at the Salton Sea geothermal field has structural and chemical similarities to hisingerite. Principal structural chemical characteristics of this hydrous silicate are: (1) a Si/Fe ratio close to h l, (2) iron presents as Fe 3+ , (3) a diffraction pattern resembling smectite with turbostratic layer stacking, and (4) an IR spectrum similar to hydrous silicates and providing indirect evidence for Fe-O-Si linkages. Be- cause of its poor crystallinity hisingerite has not been characterized, but suggested structures assignments were proposed previously. Hisingerite was considered an interstratified montmoriUonite/chlorite (Lindqvist and Jansson 1962 ) and a poorly crystallized form of either iron-rich saponite (Whelan and Goldich 1961) or nontronite (Gmner 1935 , Sudo and Nakamura 1952 , Kohyama and Sudo 1975 , McKenzie and Berezowski 1980 . Hisingerite is now regarded as a poorly crystalline form ofnontronite. This conclusion is supported by the present study. Our study demonstrates that hisingerite and nontronite have the same local organization with the existence of Fe-O-Si linkages as determined by Si K-edge EXAFS. Hisingerite, however, is not structurally identical to nontronite. For example, its IR spectrum usually does not display the OH bending absorption band at 817 cm-' assigned to Fe3+-OH-Fe 3+ groups in nontronite. Two explanations are possible. First, this lack of IR absorption feature may be due to the substitution of hydroxyl by fluorine. This is consistent with the high concentration of fluoride in Salton Sea brines (up to 20 mg/kg) even to the point of precipitating fluorite in crystallizer-clarifiers and injection piping below about 130~ (Gallup 1993, Gallup and Featherstone 1994) . Second, synthesis experiments have shown that this absorption band is absent from hydrous ferric silicates recently-precipitated or synthesized at low temperature (e.g., 23~ and progressively appears upon aging or increasing the incubation temperature to ca. 89~ i.e., upon formation of long-range order (Decarreau et al 1987 . Structural data obtained for this natural hisingerite are in many respects similar to those reported for synthetic dioctahedral ferric smectites (Decarreau et al 1987 , Mizutani et al 1991 , Farmer 1992 . For example, the intensity of the second R D F peak for hisingerite is half compared to that of nontronite. The magnitude of this decrease is identical to that found for silico-ferric coprecipitates aged at 150~ for 12 days (Decarreau et al 1987) . Decarreau et al (1987) interpreted this reduced amplitude as related to "border effects," due to the reduced size of the coherent domains compared to well-crystallized nontronite. EXAFS spectroscopy is extremely sensitive to disorder effects, a slight incoherency of atomic distances undergoing a strong reduction of the scattered wave amplitude. This characteristic differs from wide angle X-ray scattering techniques (Eggleton et al 1983) , which gives Figure 11 . Notion of clay-like local structure. In clays metal atoms are surrounded by 3 (dioctahedral structures) or 6 rioctahedral structures) nearest cations {Me) at ca. 2.98-3.12 and 4 (Si, AI) atoms at ca. 3.20-3.29 A, the exact distance depending on the chemical composition. A specific feature of this group of minerals is the shortening of the metal-metal distance across edges compared to those in the Me(OH)., brucite-like, structure. For example, the Mg-Mg distance is equal to 3.06 fl~ in Si4Mg30~0(OH)2 (talc) and 3.12 ~ in Mg(OH)2. This shortening results from structural adjustments necessary to adapt the lateral size ofoctahedral and tetrahedral sheets (Bailey 1984) . Correspondingly, two criteria are diagnostic for the existence of a clay-like structure: (i) a Me-Me distance comprised between 2.98-3.12 ~,, and (ii) the presence of a (Si, A1) shell near 3.20-3.29 ~. These two criteria are sufficient because they are never simultaneously met in any other silicate structures. a better indication of the distribution of interatomic distances.
In conclusion, laboratory studies show that layersilicates can nucleate by mixing an iron salt with silicic acid or sodium orthosilicate hydrate at mild temperature. These conditions correspond to those for the deposition ofhisingerite at Salton Sea geothermal field.
On the possible confusion between hisingerite and ferrihydrite
Hisingerite and ferrihydrite are distinct minerals, with the former a hydrous silicate and the latter an oxyhydroxide (Chukhrov et al 1973) . However, both are poorly crystalline with varying amounts of defects. At their most disordered, hisingerite and 2-line ferrihydrlte display only two broad XRD bands near 2.6 and 1.5 ~ (Farmer 1992) . The absence of basal reflection in some hisingerites (e.g., McKenzie and Berezowski 1980, Whelan and Goldich 1961) can be related to a lack of stacking periodicity. Recently, Farmer (1992) noted the possible confusion between these "2-line hisingerites" and 2-line ferrihydrite. Farmer questioned the status of"2-1ine ferrihydrite" by noting the lack of structural evidence proving that this material is a poorly organized form of ferrihydrite, whose mineral nature was accepted in 1975 by the International Mineral-ogical Association (Fleischer et al 1975) . The same criticism was raised by Childs (1992) .
Even in their most disordered states, however, XRD traces for pure hisingerite and ferrihydrite are sufficiently distinct to prevent confusion. Figure 12a shows that the XRD pattern for hisingerite contains hk bands which, by definition (Brindley and Brown 1980) , are asymmetric towards high angles (see, e.g., the band at 2.6 /~). This asymmetry intrinsically arises from the two-dimensional structure ofhisingerite crystallites. In contrast, the asymmetry of the strongest scattering band at 2.5-2.6 ./~ of 2-line ferrihydrite is reversed from that of hisingerite (Figure 12a ). Drits et al (1993) showed that this asymmetry is due to hematite impurities in ferrihydrite samples. Patterns of disordered hisingerite also display broad intensity humps near 4.6 ~, (corresponding to the 02-11 scattering band of layer silicates) and 3.1 A not observed in 2-line ferrihydrite. However, the best test for differentiating hisingerite and ferrihydrite is from EXAFS spectroscopy. These materials can be readily differentiated because hisingerite is a layered material and ferrihydrite is a 3D framework structure. Therefore, RDF for hisingerite shows a single metal shell peak from edge-sharing Fe octahedra, whereas the ferrihydrite RDF has two Fe peaks from edge and corner Fe octahedral linkages (Figure 12b, Combes et al 1990, Manceau and .
The structural afiliations between 2-line ferrihydrite obtained by hydrolyzing a ferric iron salt solution and ferrihydrite sensu stricto was assessed by EXAFS spectroscopy . Both materials possess the same local structure and using the term "2-line ferrihydrite" for designating a poorly crystalline form of ferrihydrite appeared justified. However, we agree with Farmer (1992) that the designation of "amorphous ferric oxide" is preferred for materials whenever structural relationship with true ferrihydrite are not established. We believe, furthermore, that the term "hydrous ferric oxide" is more appropriate because these materials are not truly amorphous, as they Figure 12. XRD pattern (a) and RDF (b) for hisingerite and 2-1ine ferrihydrite. The Fh I sample was obtained by hydrolyzing at pH ~ 8 a ferric nitrate solution prealably aged during 6 days at pH ~ 2.5 (OH/Fe = 2.5). Impurities of goethite crystallites are clearly observed and their formation has been favored during the aging at acidic pH (Schwertmann and Murad 1983) . The Fh2 sample was synthesized by rapidly hydrolyzing a ferric perchlorate solution. The resulting precipitate was aged 3 weeks at pH 8.2 before drying (Spadini et al 1994) . The presence of small grains of hematite and goethite is clearly observed, the former impurity being detected by a shoulder at 2.69/~ (arrow). Growth of hematite grains was favored by the aging at neutral pH (Schwertmann and Murad 1983) . Isomer shift (fi/Fe), Quadrupole splitting (AEQ) and line width (W) given in mm-s-~ and relative to iron foil. l-Original 6 value corrected by -0.09 (Blauw et al 1979) .
have well-ordered structure at the local scale. The name, 2-line ferrihydrite, was used in the literature for designating Si-containing hydrous ferric oxides. This nomenclature is improper since ferrihydrite has no Si atoms, and the presence of tetrahedra in significant number profoundly alters the local structure of 2-line ferrihydrite (Waychunas et al 1993) , which then loses its structural affinity with ferrihydrite.
Mineralogical nature of the Fe2+-containing phase in Si-rich scales
In contrast to the reasonably well-understood Fe 3+-rich scales, the crystal chemical status of iron in sample S-3 is not evident. The XRD trace for S-3 displays a primary maximum at 22-23 ~ 20 due to opal and two diffuse maxima at 2.6-2.7 A and 1.57/k. These latter maxima cannot be attributed to silica since they are not observed in S-2. We believe they result from an ancillary phase and, specifically, to 13-20 and 06-33 bands of a disordered phyllosilicate structure, the 02-11 band being masked by the strong scattering hump of silica. Figure 2 shows that the two hk bands are shifted downangle compared to hisingerite. This displacement is attributed to an increase of the b unit cell parameters based on Fe 2+ content (see below).
According to the Mrssbauer and EXAFS results, Fe atoms are divalent and coordinated by about 6Fe at 3.21-3.22 A. Based on topological considerations, these results indicate a layered structure with edge-sharing Fe octahedra. Three mineral structures are possible: ferrobrucite (Fe(OH)2), a 1:1 hydrous iron silicate (greenalite), and a 2:1 hydrous iron silicate such as annite or minnesotaite. Structural data for these minerals are reported in Table 3 . Note that the b cell parameters increase from Fe 3+ to Fe2+-containing minerals, but also from 2:1 to 1:1 phyllosilicates and to ferrobrucite. The latter b variation is caused by the adjustment of octahedral and tetrahedral sheet dimensions in layer silicates (Brindley and Brown 1980, Bailey 1984) . Based on the b parameter (~ 9.4 A) and Fe z+-Fe 2+ distance (~3.21/~), the possibility of Fe(OH)z as the Fe-bearing phase contained in S-3 is rejected. EX-AFS results indicate a clay-like structure ( Figure 11 ) and are consistent with either minnesotaite or greenalite. However, their presence cannot be ascertained, and the possibility of an intimate mixture between different phyllosilicates cannot be excluded, as well. This structural interpretation is consistent with the observation of hk bands on the XRD trace. The absence of basal reflections, however, probably indicates small crystallite sizes with only a couple of layers. M6ssbauer parameters for a selection of minerals are reported in Table 4 . Note that the quadrupole splitting for S-3 (Table 2 , AEQ = 2.59 mm-s -~) is far too small for ferrobrucite (AEQ = 2.98), but agreement is reasonable for the phyllosilicates. In conclusion, Si and Fe atoms partly mix in siliceous scales precipitated at low temperature. This scale deposit is composed of a mixture of opal and micro-and nano-crystallized hydrous ferrous silicate.
Comparison of local order in hydrous ferric and ferrous silicates
The local order about Fe atoms is greater in S-3 than in hisingerite. In S-3, EXAFS detected a coordination of 6 + 1 around Fe, which indicates that crystallites have a relatively large extension in the ab plane. An estimate of the diameter of layers can be calculated (Manceau and Calas 1986 ) from the average number of nearest metal neighbors since, in trioctahedral structures, internal Fe atoms have 6 nearest cation neighbors, whereas external Fe atoms have only 3 to 4. For an average Fe coordination of 5, a layer size corresponds to ca. 30/~. Of course, the number of external atoms rapidly decreases as the layer size increases, and sensitivity of the coordination number to the layer size decreases when it exceeds 4 to 5 (Manceau and Calas 1986) . Thus, the 30 A value is only a tentative estimate representing an absolute minimum. In hisingerite, the Fe coordination number is half of nontronite and the layer size evaluated by this method is 10 A. This difference in crystallinity between ferric and ferrous silicates is noteworthy and can be understood by synthesis experiments. Crystal growth experiments show that reducing environments produce faster growth rates than oxidizing media (Decarreau and Bonnin 1986 , Mizutani et al 1991 , Farmer et al 1994 . For example, the time necessary to obtain a ferric smectite with coherence scattering domains of about 100 ~k in size in oxidizing conditions (Fe 3 § in solution) and at 25~ was estimated at 10 years (Decarreau et a11987) . No similar estimation has been reported for ferrous smectite, but data from Decarreau (1987 , Mizutani et al (1991) , and Farmer et al (1994) indicate that this time is much shorter.
Geothermal applications
The present work confirms that different iron-rich siliceous compounds are deposited from Salton Sea brine during fluid manipulation for energy extraction. Variations in structure and chemistry are observed both within and between samples, indicating that fluid composition and temperature varies in both time and space during deposition. The residence time of a fixed volume of brine in higher-temperature process piping is seconds, whereas low-temperature brine residence time in clarifiers is hours. This variation may account for increased crystallinity of hydrous iron silicates.
Deposits formed at high temperature, upstream of scale inhibition processes, consist of hisingerite. Hisingerite formation is slow (typically less than 0.6 cm/ year) and generally does not deleteriously affect energy extraction. Scales formed at intermediate temperatures in the brine-handling system are heterogeneous and consist of mixtures of hydrous ferric and ferrous silicates and opal. In the absence of scale control, precipitation from brine occurs at rates exceeding 30 cm/ year. When brine is acidified to control scale deposition or reducing agents are added (Gallup 1989) , iron precipitation is inhibited whereas silica and an aluminosilicate phase continue to deposit at a rate of less than 1 cm/year. In the crystallizer-reactor clarifier process, brine is reduced in temperature to ~ 100~ and supersaturated solids are precipitated as sludge. Based on present results, silica and iron that precipitate in the crystallizers and clarifiers at low temperature probably form a ferrous Si-rich clay (i.e., minnesotatite) along with silica precipitates as pure A-opal. Scaling rates observed downstream of the clarifiers in injection piping and injection wells are in the 0.5 cm/year range. This scaling rate may be further reduced by enhancing clay precipitation in the clarifiers with certain reagents or inhibiting opal deposition employing silica scale inhibitors in the injection piping. CONCLUSION 1. High temperature (250~ scale precipitated from non-oxidized geothermal brines contain polymerized ferric iron and silica. The mineralogical nature of this precipitate has been identified as hisingerite.
2. Hisingerite is a poorly-crystallized, non-stoichiometric nontronite. As compared to nontronite, hisingerite has no libration OH band detected by IR spectroscopy. This distinctive feature is believed to result from the very small size of crystalline domains.
3. Low temperature (100~ scale precipitated from non-oxidized geothermal brines consists of a mixture of A-opal and micro-or nano-crystalline hydrous ferrous silicate structurally related to minnesotaite and/ or greenalite. These components are difficult to identify by XRD alone.
